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INTRODUCTION

The propulsion problems related to Project LX-794,
(Projeoct Wizard) initielly drew attention to the ram-
Jet as a possible propulsion unit and performance esti-
mates for various flight conditions were desired. 4
brief survey of the then existing methods of calculating
Tam-Jot performence revealed that there were almost aa
many methods as there were groujs investigating the rem-
Jet. Liost of the methods were purposely developed hold-
ing constant certain important variables such as fuel=-
air ratio, various efficiency curves, temperatures at
the end of the combustion chamber, or general configu-
ation, thus lacking the latitude of aprlications desired
of a general method of calculation. MFurthermore, Fro-
Ject Wizard is concerned with ¢ wide range of Lach numbers
(2-6) and the methods then in general use incorporatead
certain assunptions which are not valid at high Mach
numbers. 4s a Tesult, a method was devised (see Ref, 6)
which 18 valié at high liach numbers of flight, has the
generality desired and is believed to give accurate re-
sults. However, this method is quite lengthy and tedious,
and does not make readily apparent the important vari-
ables affecting performance. Certain subsequent in-
vestigations by Fro ject Wizard using this method and the
knowledge ol some relationships previously developed by
another group (see Ref. 3, 4, 5) led to the devclopment

of the simplified method presented in this report.
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SUMMARY

The method developed in this report pemits rapid
calculation of ram-jet performance and still incorporates
in a satisfactory menner ths major effects of molecular
dissoociution in the combustion process and the variable
specific heats of air as well as of the products of com~
bustion. Variables such as the diffuser, combustion, and
nozzle efficiencies; and operating factors, such as the
velocity of the air at the entrance to the combustion
chamber and the fuel-air ratio, can be assigned any value
considered practical for the purpose at hand. The general
configuration of the ram-Jjet can be varied as desired and
the temperature at the combustion charber exit can be se~
lected, or allowed to assume whatever magnitude it will,
depending on the particular conditions,

The meximun possible velocity at the combustion
chamber entrance determined by the fundamental equations
of flow {that entrance velocity which produces sonic ve~
locity or "choking® at the combustion chamber exit) is
easily found for any liach number, altitude, and fuel~-air
ratio., Also, at low Mach numbers of flight the existence
of two solutions for the equations governing flow in the
ran~-jet combustion chember is recognized end explained by
the graphs and equations presented herein,

Included in the last pages of this report is a con-
densed outline of the method, with three typical calcu-
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lations, each representing a common problem, Appendix I

presents a discussion of the method for caleulating ram-

Jet pefrormance as given in Reference 6 regarding its

application to the condition where "choking® is present
at the combustion chamber exit; end Appendix II is a die-
cussion pertaining to tho magnitude of the velocity at
the combustion chamber entrance as determined by design
considerations and the "choking" condition,
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CONCLUSIONS

1. The upper limit on the alr velocity at ths com=-
bustion chamber entrance, VZ’ for high ilach numbers of
flight, imposed by the fundamental equations governing
flow in a duot, is well above the veloccities at which it
is possible to sustain combustion at the present times, re-
gardless of fuel-alr ratio, Therefore, for flight at high
Mach numbers, high velocities at the combustion chamber
entrance are theoretically possible if "blow-out" and other
practical difficultics can be overcome.

However, since studies of the varliation of the thrust
coefficlent, Ct, with changes in general ram-jet configu-
ration at high biach numbers of flight indicate that maxi-
mum C, is obtained when the cross-sectional area of the
diffuser inlet aquals that of the combustion chamber; and,
because at lower Liach numbers of flight, Vz is 1imited by
the "choking” condition at the combustion chamber exit,
it 1s not expected that cormbustion chamber entrance ve-
locitles over 500 ft per sec will be practical except in
very speclal instances.

2. The stagnation temperature after combustion and
the flow velocity at the combustion chamber entrance appear
as important variables affecting ram-jet performance.

3. The variation of the specific heats and the de-
gree of molscular dissociation with temperature l1s appreci-

able under the conditions encountered in a ram-Jjet at lach
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numbers of flight greater than 2 with fuel-air ratios
which give maximum thrust and osn be accounted for in a

simple manner as shown in this report., The variation ofr

the above effects due to different pressures at given
temperatures can not be acsounted for without use of the
The rmodynamic Charts (see Reference 2) and their acconpa~
nying lengthy calculations, but the variation is negli-
gibly amall compared with that due to temperature,
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LIST OF SYMBOLS

area - eq ft
= acceleration - ft per sec per sec
= velooity of sound - £t per sec
= thrust coeffigient
= velocity of sound at stagnation temperature - ft per sec
= stream thrust - 1b

specific stream thrust - seo

weight of fuel - 1lb

= gravitational acceleration - ft per sec per sec
[}

= ratioc of specific heate (;n)
v

= enthalpy - Btu per 1lb
fictitious enthalpy used to relate pressures in a
non-isentropic adiabatic process
actual enthalpy, assuming no losses through wall
boundaries
convsrsion factor, 778 £t 1b = 1 Btu

= kach number
mass flow - slugs per sec

= combustion efficiency based on heating value of fuel

= diffuser efficiency based on energy considerations
nozzle efficlency based on energy oconsiderations
nozzle efficiency based on total pressure sconsidera-
tions

= diffuser efficiency based on pressure recovery
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= oombustion effioiency based on 100 %s,
Pressure - 1bs per unit area
presasure ratio (adiabatio processes - see Rotbronno 1)
= &as oonstant - 53,345 £t 1b per 1b per °r
function of total temperature - seq
= static temperature - °g
gross thrust - 1p
= total teuperature - °r
flow veloeity - r¢ rer sec

wolight flow of air - 1b per sec

“°p£<d_iim0-i -a”mw:gm

density - 1b rer ou f't

Subseripts:
1, 2,2, 3,4, ana 5 refer to stations (see Figure 4)
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CISCUSSION
A method for caloculating ram-jet performeance at high

Mach numbers wae presented in Reference 6, It success-
fully accounts for molecular dissociation and variable
specific heats, both of which have an appreciable effect
on performance at high velocitiee of flight with the fuel-
alr ratios used {.0605, .0665 and ,0768 by weight). 4l-
though the method presented in Reference 6 ie quite lengthy
and tedious, it is believed that the results obtained by
ite uee will be accurate within the efficiency aseumptions,
caloulation error, and chart (Reference 2) accurasy, in
acocounting for variable specific heats and diseociation

in the burning and expansion process. Thus the accuracy
of any other simplified method may be evaluated with ref-
erence to the resulte obtained therefrom.

It is known that the conditions at the entrance to
the combuetion chamber and the amount of fuel added can
uniquely determine the conditions after combustion. It
remains to exprese this relationehip in a simple manner
which will still account for the effeots of dissoclation,
variable specific heats, etc. Such a eimplification would
eliminate the use of the Thermodynemle Charts (Reference
2) and their attending complicated calculations. There-
fore, 1f variable specific heate and dissociation in the
coxbustion process are to be accounted for, which appeare
neceseary at high Mach numbers, this relationship between
the properties of the gases at stations 2 and 3 (see
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Figure A) must in some manner incorporate previous cal-
culations which have made use of either the Thermodynemic
Charts or an squivalent method. A4lso the relationship
should show the preszence of two solutions at station 3
{(one subsonic, one supsrsonie) at low hisch numbers end the
reason for disappearance of the supersonis solution at
higher lach numbers, as discussed in appendix I.

An analysis of flow through & ram-jet has been made
by a group at JHU/APL, Silver Spring, ld. (References 3,
4, 5) where it was shown to be possible to express the
conditions after burning as a function of condltions be=-
fore burning and heat added. Thelir enalysis as presented
in these reports is believed accurate for low rlight lLach
nunbers (< 2) but is not adaptable to higher flight lach
nurbers without revision, for the following reasons: in-
vestigations at the University of l.ichigan have shown that
at Lach numnbers greater than epproxirately 2.75, performance
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is impaired by the lack of & tail nozzle (the configu-

ration used by the APL investigators); and the calculation
of conditions through the diffuser by use of l.ach number

L4
%
AN
AN

relationships based on constent specific heats is suf-
ficlently accurate at iwuach numbers less than 2, but at
higher l.ach numbers neither of the above are recormended
if nmaxinun performance znd accurate results are desired.
For instance, if one were to use the iach number relutions
in calculating total temperature or the temperature after
the diffuser at a flight i.ach number of 6 at sea level,
4260°R would be the result 1f a specific heat ratio (Y) of
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1.4 were used, and 2390°R if a ¥ of 1.2 were used. Thus the
variation of Y over this possible range (1l.4-1.2) 1s quite

eritical in such c caleculation and the task of choosing the
correct mean value is essentially one of trial and error.
By using the Alr Tables {(Reference 1), as cutlined in Ref-
erence 6, where the varying specific heats are accounted
for, the temperature for the above conditions is found to
be 3749°R.

It is also generally known that a tail nozzle is a
necessary item on the ram-Jet at high liach numbers, es-
pecially since its addition makes a considerable contri-
bution to the thrust coefficient. The necessity of a tall
nozzle at high Mach numbers of flight arises from the fact
that the velocity at the entrance to the combustion chamber
would be excessive, accompanied by lowered pressure, if no

nozzle were employed {mass flow constent for a given set

|

of flight conditions), thus causing poor combustion efficien-
¢y and, probably, "blow-out". Also, for a ram-jet of given
configuration, the lowsst va possible without causing a
spillover is desirable, because the thrust per unit mass
flow in the duct decreases with an increase in V,. Thus the
remainder of this report is an extension of the relation-
ships elready known to higher iach numbers, with a develop-
ment that permits a clear understanding of the important
functions.
Combustion Chamber

In developing the relationship between stations 2 and
3 the following assumptions are made:
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1. & oylindrical combustion chamber is employed; i.e.,
constent area burning,
2. No heat losses occur through the duct walls.
3. Heating wvalue of fuel 1s constant, 19,500 Btu
per 1lb fuel (C )
He .25,

4, Use of the arithmetical mean of specific heats

in calculations between any two temperature limits
sufficiently approximates the results obtained by
the exact method for en adiabatic coumpression or
expansion,

5., No frictional losses in the combustion chamber,
3 See page 6 for 1list of symbols. 1

The force-momentun equation makos it possible to ex- {
press conditions at station 3 as a function of those at
station 2 and the heat added, viz.-

P 2 Pz 2
(1) (B, + 2 V2) = ag(ry + 2 7,7)
where E A = -w—9- =' = mass flow in slugs rer sec
g S

The difference in the magnitude of expression (1) between
two points in a duct can be shown to represent the net I{orce
on the duct when integrated over the interior surface as

shown below,.
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Consider a small element or region of the duct, dv. The
force-rmomentun relation states that the net force exerted

on the region is equal to the net out-flow of momentum per
seo

Force = me Au

where m, is the mass flow undergoing the momentum chenge.,
Equating the forces acting on the region, dv, to the change

of momentum of the mass flow,

IA - (P + aP) (A+dA)+(P+ég) W' = -m,ou+
; mr(u+du)

= + me du
Neglecting the products gz dA' end dPJdA and noting that

PAA' is the reaction force on the wall, the integral of which
is the thrust on the bvody,

PA-PA-PdA-AdP+PdA'=mrdu

Paar =mrdu+Pd.A+AdP

The total force on the duct from station 1 to 2 then

becomes:

2
PAA' = meu + PA]I = Fz

Letting u = V, F represents the expression er + PA at any

- F

2
Force (1bs) =! 1

1

point and has been termed "stream thrust".

Fz -5

UppVp + Pody = (mpyVy + Frdy)

Yorce

UNIVERSITY OF MICHIGAN | Report No. -7
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=4y (B + 5& Vg')- 4y(2y *5‘1 v®) s

Note that the expression
F=a [r +% va]

must be a constant from station 2 to 3 in the rem-jet,

that is, any cylindrical section, since da' = 0 and thus

[:Pu'=o i.e., I'2=F:,s

Actually there is somoe loss of stream thrust, F,at

the flame holders, which cen be expressed as
Fa - loss at 2' = 1'5 = 1‘2..

Continuity of mass flow can be wristen as follows, using

E _ RT ana ¢® = YRTg;

P
W= PVA.

_ PVEYRTA

c

(2) w=11“.‘g£

Then, solving for PA and using the subseript o for ambient
conditions:
W
(- -
(3) Yoho =M T &

00

Also from the conservation of energy and the state equations,
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c
C = L Ll . where C,  1s the velocity

2
[1 + 7—51 lloz] of sound at the stagnation

temperature.

From (3) and (4)

w.e
0 0

o”o
Lo
also noting that

Lo 2y _ 2 _
(e) AR, + G2V ) =A P (1 + T =¥,

The following can be written from (5) end (6)
2

(7) ) wocgo -~ 1 4

g - Y- 2 5 08
1+-Elno

VWiriting ¥ in 1bs po.r 1b of alr per sec for station 3, re-

arrenging, end multiplying by (2(Y+) ) for a reason ex-
Va(v+1)

plained later, also noting that at station 3 the flow ias

(1 4+ £) 1b of gas per 1b of air, - the following 1s obtained

2
8} Fy - c_’_g 2(Y41) (1+41) 1+ Nl
LA Ve

ey [“15;:.:32] :

Thus the following relationships are defined -
cga\/?‘”"’l) (1+1)
pe g

(9) S,

and the lach number function
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1+nf
um.[ur-;lua]%

(multiplying by m— serves to normalize the lach
Va(v+l)

number function so that $(M) = 1 when ki = 1). Then

(o4) Pl =

¥,
(10) Wi =8, #(Mz) 1b per 1b air per sec
a

Figures 4 and 4A show @(l) vs Lach munber for three
values of Y, two of which correspond to the extreme limits
of temperature to be expected at station 3, The dis~
placement of these curves due to the maximum variation in
Y is appreciable but the actual effect on the performance
calculation cen not yet be evaluated as these curves are
used only indirectly in calculating the thrust coefficient,
ct. Figures 4 and 4A are included in the report however
so that Hs can be readily determined if desired.

Figure 4B shows that for low valuss of Z(k)}, (gF(i) =1
to §(l) ~ 1,7), there are two solutions for the Mach number
at station 3, one subsonic, one supersonic. Only the sub-
sonic solution is of practical interest, the supersonic
solution being physlcally impossible. The supersonic so-
lution disaprears at values of @(i) greater than approxi-
mately 1.7, as indicatod above. It can be eusily shown
that (k) approaches the limit \I'Y""Y.._l for high Lach
numbers. This 1imit is equal approximately to 1.67 and
1.91 for ¥ = 1.25 and 1.175 respectively. Then for @(L)
greater than approximately 1.9 only one solution for the
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combustion chamber exit veloclity 1s possible, the supersoniec
solution having disappeared.*

In setting up the curves for fuel-air ratios .0605,
0665 and .0782, Lz (and thus g(k;) from Figure 4i) was

*This is, after all, exsotly what one would expeot as the equation

relating Mach numbers before and after a normal shook,
1- 55 00

14+ % (Klz- 1)

where M; = the Maoh number before shock, is derived from the same basio
oonsiderations, and it shows that for an increasing superscnic Mach
mmber before shook there is a lower limit on the resulting sudsonio
Mach mumber after shock. So, conversely, one would reascn that for
oertain subsonio Mach numbers there co-exist supersonic Mach mumbers
which would also satisfy the energy, force-momentum, snd oontinuity
equations even though they are of no practioal signifiocance for these
flow oconditionse The supersonioc Mach number inoreases without bound

as the subsonioc Mach number decrsases to the lower nlm.\!%—'#-r, (let 1Y
become infinite in above equation and evaluate) below which the sub-
sonic Mach number has no co=existent superscnic Mach mumber. This
lower subsonic value for which the supersonic Mach number diseappears

is approximately M & 37 for ¥ = l.4; and can be obtained by either

the @(4) equation (Mach number corresponding to P(M) =\T?=I‘.=1 or the

Mach number relation across & normal shocke Thus the existence of the

two types of sclutions given in Figures 1 and la and discussed in
Appendix I is verified and explained.
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calculated using the method given in Reference 6, which
makss use of Thermodynamic charts.

The curves shown for fuel~air ratios .0499, ,0333
and ,01995 were obtained from calculatlons performed with
the aid of Reference 7. The chart in Reference 7 does not
account for molecular diseociation as the effect is un-
important at the lower temperatures encountered with the
reduced fuel-air rat‘ios. Because F

2
found from Sa = M « Thus the important effects of

‘ =F3, Sa can be

dissociation and variagle epecific heats in the combustion
process are retained and accounted for in the magnitude of
sa when found in this manner. From Zquation 9, it can be
seen that 8!l is dependent only on total temperature at

station 3. Thus, at a glven corbustion chamber inlet con-

dition, T ,, Sa is a function of the amount of heat added

t2
and has been termed the "heat release™ or the "epecific
air impulse" by some investigantors.

The temperature at etation 3 can be caiculated from
the following equatior which is obtained by solving for Ts

in equation (9).
Ysgsa

Pl
3 2 -1 2
2R(LHE)ZUYHL(L + 5= hp®)

From this 1t cen be seen that a constant S, would keep T,
apovroximately constant, euggeeting a convenient method of
calculating performence at a constant cocbuetion chamber
exit temperature. Tor more accurate calculatione, vari-

ation in Lia should be considered.

>
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The effect which a large variation of pressure (60-
5000 psi) at station 3 has on S, was investigated and seems
to be quite mil. almost insignificant as far as the re-
sults are concerned, but is large enough to warrent an ex-
planation. As pressure is varied, keeping the temperature
at station 2 and heat added constant, the position on the
Thermodynamic chart of Reference 2 representing the state
of the gas after combustion moves horizontally. As can be
seen on the charts, the constant temperature lines are
not independent of the pressure. The slope changes slightly
as pressure varies, the main cause being the varying de-
grees of molecular dissociation at the seame enthalpies and
different pressures. The method as outlined does not ac-
count for this variation due to pressure, hence there is
no chanke in ct for different pressures with temperature
constant at station 2. Therefore, for changes in altitude
at altitudes whore the temperature gradient is zero (above
35,332 - NACA Standard Air) there is no change in C, at a
constant kach number, whereas, by the method presented in
Reference 6, tliere is a slight increase in ct above 40,000
ft Que to the change in pressure. As previously stated,
the variation of (i), end thus S, due to the effects
ment ioned above, was investigated over a range of pressures
up to 5000 psi and found to be approximately 3 %, However,
‘the error that does arise in the practicel example is neg-
ligible.

As stated before, Sa is a function of the total temper-
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ature at station 3 and therefore it can also be said that
it 1s a function of total temperature at station 2 with a
given heat addition. S_ was plotted against the total
temperature at station 2 for different fuel-air ratios

\see Figures 34, 38, 3C, 3D, and 3E). These curves ars
convenient, as the total temperature at station 2 is a
function only of .ach number of flight and altitude, and
thus easily determined |see Figure 24). Sg bas been plotted
for six fuel-air ratios, however, the curve of Sa for any
fuel-air ratlo, Lach number and altitude can be obtained by
cross-plotting from Figures 3D and 3E.

The magnitudes of Sa were calculated and compared for
the combustion efficiencies, 7, = 100 % and 85 7%, based on
the heating value of the fuel; and it was found that the
S, for 7, = 85%was 95 % of the 8, fory = 1007%, This

fact could serve to re-define the ocorbustion efficiency;

that 1s, in terms of Sa the new combustion efficiency, ”S
&

would be 95 % for the instance where 85 % of the heating
value of the fuel was actuslly utilized in combustion (sees
Figure 34).

1t should be stated here that aprlying an efficiency
factor to the heating value and then entering the chart is
not entirely valid, as each Thermodynamic chart of Ref-
erence 2 was nade up for the full heating value of the
particuler (1+f) mixture. lowever, after considerable
investigation and various calculations 1t was concluded
that the“error thus introduced is negligibly small,

As was explained in the derivation, the magnitude of
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F=A(P + § Vz) is constant from station 2 to station 3 ex-

cept for flame holder losses. Some interesting relation-
ships can be derived from this equation. When divided by
the weight flow the rollowing results:

R It

For station 2
R

(1lla) ;§-=v§&+gﬂ.

Thus F is dependent only on Tz and V and involves no
assunption regarding Y. The slope of the line W& vs T can
be readily seen as v .

'I‘his relation presents a very convenient method for ob-
taining wa- for dirrer;nt flight Lach nubers end altitudes,
but the xnagnitude of T or wL which is less than Wa' by the
loss due to the fleme holders, is, in general, required.
Previousiy, as given in Reference 6, the loss of pressure
due to the flame holders was defined in terms of velocity
head, Pvz, which can be represented as a force AF-A. The
effect of the change in p, and V, across the flame-holders
cen be neglected, as calculations prove the error to be

very small., Therefore

(12) F

2 = Ax—-A:F3

or

npv® _
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Where n = the number of velocity heads loss. wUividing by
————the weight flow at station 2, where Wa = weight of air

{1¢)

Note that when n
RT,

F,
(15) = v-z-&
a

g& was calculated frow Equation lia and has been
pJ.otteg versus static temperature for a range of VZ's De-
lieved practical at the present (see Figure 3). In order
to obtain ;E- an ugy»ropriate valus of :—Zg—should be sub~
tracted from the w& read off the graph, cormensurate with
what one's knowled;e of, or experience with, tlame holder
losses dictates. The difference batween the total and
static temperatures at present day practical vaiue of V2
is negligible, so that the same abscissa can be used for
1"2 as for Sa without introducing appreciable error.

Another interesting aprlication of this family of
curves (Figure 3) is the instance where sonic velocity

exists at the combustion chamber exit. From the equation

Fo
;q; =38, }5(!-13)

it can be seen that when

=38 _,
W; a

¢(I.13) and thus ll; equels one. Because ¢(L’~‘5) can never be
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T,
less than one, wi must always he egual to or greater than Sa'

Therefore, 1if 1tais required to find the maximum possible V,;
that i1s, one which produces sonic velooity at station 3 for
a given 3, and ’.l‘a (thus fuel-air ratio, lach number of flight,
and altitude) it is necessary only to enter Figure 3 with
Fz = ]‘.":5 = Sa’ neglecting flame-holder losses, and read V..
Flame-holder losses can be taken into aécount by adding to
]Tz the amount of the loss, thus reading a slightly lower
maximum V,. A more conmplete discussion related to the maxi-
mumn velocities possible at the entrance to the combustion
chamber is given in Appendiz II,

Thus, from Figure 3, ¥, can be found when Va and '1‘2

3
are known. Sa can be found from Figures 3iA-32 for the T,

2
and fuel-air ratio used. Then $(M;) can be obtained from
F, = 3, $(M;) Wa, and M, can be found from Figure 4.
Exit Nozzle
Next, the relation between 1.!:5 and 1-.5 must be established.
This is easily done, as the Liach number at various points
in a nozzle can be written as a function of the cross-

sectional area, essuming isentrogic (no shock) flow,
'+

(16) o

where subscript o denotes nozzle inlet conditions. Since
the equation is "symmetrical® mathematically, subscript o
may also denote nozzlg outlet conditions. Thus, L‘t being
equal to 1, the ratio of the area at the inlet or outlet
to the area at the throat may be written
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Flgure 5 shows a plot of (M) (obtained from Figuree
4, and 44 for each Hach number) vs Ao/Lb representing sub-
sonic flow from station 3 to 4 and eupersonic flow fronm
station 4 to 5. Three curves were plotted, of which two
represent the extreme 1limits of ¥ correeponding to the
temperaturee possible at station 3 and 5, end it can be
seen that the effect of ¥ on the magnitude of ¢(l.15) is not
noticeable until a @F(M) greater then 3 is attained, where
the curves eeparate, In this region it is believed that
if the meen value of ¥ were used the values obteined would
be very nearly correct, inasmuch ae the maximum possible
error in ﬂ(lﬂs) due to Y ie only 3 %. Using this curve, one
need only know ¢(LL‘,’). ﬁ(lls) can then be obtained by going
first to the subeonic curve, then vertically down to the
abscissa, reading off the area ratilo A:,,/kt. Then nove a-
long the abscissa to the proper As/Ah and up to the super-
eonic curve, then horizontally to the ordinate reading off
§(kg). If &y = A5, as would probably be true in the prac-
tical design, one can move vertically down from the sub-
eonic to the supersonic curve and thence to the ordinate
g{My). It cen be seen that the slope of the lower curve
is very small at large ares ratios, therefore, as will be
eeen from the equation for C,, there is 1little loss in C
due to making Ay = A, at magnitudes of ¢(h'3) greater than
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2.5 or 3.0.

This method of finding My assumes a 100 % nozzle ef-
flolenocy. In order to allow for friction end other losses
during expansion the following development is given for

nozzle efficiency based on total pressure.

YaPslizd

(18) PsVads = _d"_ = a constant
Cc F
(19) Also (2:5 = 83 1 and PS = T3 1
¥=1 .. 2]2 Y=1 2|2
|+ 5 7 b+ o]
(20) Subsgtituting (19) in (18) and reducing, the

following 1s obtained

| YaPrabizds _ YsPrskishs
Ty +1 = Ys +1
V.-17 _ﬁ'—r)
Y-1 ., 2|2'7s 1y 2
Cop |1+ G, c 5|1+ T2y

Noting that, for an adlabatic process, Csz5 = 055,

Tgtl
Tz-1  5|2(Vg-1)
o gk Yy BTN
_ Y 5 .
(21) q = 1, [g Y:; Yg-fi
Ts-l 2 Ztis-I’
1+ b 56
2 75
Frs ¥s
(22) Let ke /| pp end neglect the tem g~ 1in view
3

of the snall effect 1t has on the magnitude of
plsg).
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where subsoript i denotes the area ratio corresponding to
isentropic compression or expansion,
This 1s a convenient expression, as the curves for any

efficlency can now be plotted directly from the 7, = 100 7o

curve. Curves for 'fnp = 90 % and 80 % are shown on Figure

5 and the cholce of the proper efficiency can be left to
the user's Judgment.

The nozzle efficicncy defined in tems of energy losses,
as shown in Reference 6, assumes a value of 95 %. The ef-
ficiency btased on total pressure was calculated for a wide
range of X..s and Py and was found to vary from 80 % to 95 7
corresponding to a constant efficliency of 95 % based on
energy. This data was plotted against My (see Figure 54)
and seems to show some lack of consistency, however, the
indication of the general trend 1s somewhat significant,
Here it might be stated that more information on nozzle
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losses and efficiencies under the conditions of flow en-
countered in a ram-jet would be welcomed,
Thrust Coefficient

The equation used in calculating C, is developed as

follows:
Ps .8 _, P12
(25) Thrust = Ag (B + 3= V") - &) (B + 3= V%)
— Pl (‘5 s ‘1)
which is similar to the equation given in Reference 6.
BN Ty - M) £idg(By - B
From Equation 25,

T,= 845 Ulg) W, - 4Py (14 M5%) - Plag - &)

Then, since

tlova tnfn
&
the subscripts can be dropped from the Sa term.

3 ¢(u5) W, All-‘le.lz Fihg
[ T RIDNG T BT

=

3 Plhls*lﬁ
DNk

1

=Pr¥iky
From which

(26) =3

i(sa¢:’l;5)-s _1)_:_:;1_5;

As described before, the combustion chamber efficiency
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can be applied to 8, and the product ;’sa x 3, actually
used in the ct equation.
Diffuser

Note that Equation 26, is direatly affected by dif-
fuser efficiency through the tem A:I_/A2 which can be readily
determined by a method similar to that given in Reference 6.
The diffuser efficiency is still based on energy consider-

ations
(27) 7 = th 7 ho
D qv F Eo
which is the ratio of the isentropic change in enthalpy

from Po to Pz through the diffuser to the actual change in
enthalpy.

g v,2
(28) hoy = g5y~ + B, - zhy
where subscript 1 denotes conditions
at the diffuser entrance
and subscript o denotes
ambient condlitions.

Substituting (28)

in (27) and solving for
th the following is ob-
tained

(29)

1
_7p
Ber = ggz (M® - V,2) 4 1,

where 72D is obtained from Figure 2B. Also from the con-

tinuity and state equations, the following results:
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(8) p)V1d)= poVaky

() }’-: RT

P

P
(e) PS =-§2—°
ro

dd thus

&y _ B T .V,
e
where Pr is the Pressure Ratio corresponding to zn enthalpy
or temperature (see Reference 1) and Pr, is the final Pressure
Ratio after a non-isentropic change in pressure through the
diffuser corresponding to the th from Equation 29. The
diffuser efficiency is also left undetormined so that it can
be chosen to suit the particular problem. (Figure 2B is in-
cluded in this report as a basis for assucptions).

At this point, it should be clearly understood that the
above method also can be applied to a problem involving a
fixed design ram-jet. In the fixed design calculations, the
area ratlo, 4, /A,, would be known and thus V, would be deter-
mined by the following:

V. o= I”ro'rzle'.'l.

2 I“r2 T o‘z

Inasmuch as some investigators prefer to define diffuser
efficiency on the basis of pressure recovery, the following
equation may be used for obtaining V, directly;

b

T,V. Al
Y. = ,I—o _r_.—z 1
2 7? Tl ols
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where Ir; is the total pressure ratio (isentropic) end

corresponds to th' Neglecting Vz in Zquation 28,
2
V.

h2v=§%‘]-+h°

Figure 2 shows h vs ¥Yr from the Alr Tables (Reference
l) and also has tabulated Pro, To, ho, and co (sonic velocity)
for various altitudes within the atmosphere, permitting
rapid calculation of ream-jet performance without reference
to material other than what is contained in this report.

Some performance figures previously calculated by
the method presented in Reference 6 were compared with
those obtained for the sume conditions by the method pre-
sented herein, and the maximum error was found to be 5 %.
The sa term is largely responsible for this discrepancy as
it is quite critical, A small error in detemining the e-
xact magnitude of Sa for a particular fuel-air ratio and Tz
can cause a greater error in Ct. This also serves to
demonstrate the critical nature of the efficieney of com-

bustion, as it directly affects Sa'
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BRIEF OUTLINE OF METHOD

(The following is intended as an aid end guide in cal-
culating Gt for any Mach number, fuel-air ratio and altitude).
For given Mach number of flight, fuel-air ratio, and

raltitude, read the following data from Figure 2; ho’ co, To'

s Prg, and calculate vl from lach number and co. Select a

S

diffuser efficiency (Figure 2B) and an usable V, and cal-
culate h‘2 fron

i

2 .2
hop = 3g7 (V)" = Vp") + 1

From h, find Pry, using Figure 2 or the Air Tables (Ref-
erence 1), then calculate 4,/A, from

[
A PV, H
TV TR AN

The A]_/A2 may be known, as in a fixed design, and the
V2 thus determined by the diffuser efficiency; this is a
method of trial and error, as a Vz must be assumed to cal-
culate th, from which Fr, is found and thus V,. However,
V.2 is not very critical in computing th so that usually not
more than one re-calculation is necessary (see 3ample Cal-

culation I).

2

F,
From the "-‘;2 (Figure 24) and V,, read w& from Figure 3
n a F
and subtract z—£ for flame holder loss to obtain TS + Also
a

2g
from one of the following; Figures 34, 3B, 3C, 3D, or 3E,

read the S, for the fuel-air ratio and Tz. (If considerable
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calculation is anticipated for a particular altitude and
Mach number or fuel-air ratio, the curve can be obtained

- ‘-c_.m" it

by cross-plotting from Figures 3D and 3E.) Calculate (M)
from

3.9

pug) = gl

Ir s, is greater than ;E,either reduce 8, (the guel-air
ratio), or V,. (See Sample Calculation III). w:i must
always be equal to or greater than S, as ¢(H3) c:n not
be less than 1. Xnowing $(M,), @(Mg) is obtained from
" Figure 5 for the nozzle efficiency expected, as indicated
on the figure, If the fuel-air ratio is low, at low
flight speeds, or at a high altitude, any combination

L& 8

which would produce relatively low temperatures at the
combustion chember exit, one should use the ¢(H3) and ﬂ(l’ls)
curves corresponding to the larger Y end conversely for
expected high temperatures. However, the error in (i)
due to using the mean Y would never be over 1.5 %. Then

C, con be calculated from

sa38f 1)

2

t
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Sample Calculation I

PYROBLEL: To find Ct for the following conditions:
Ay =4y =g
Altitude = 40,000 rt
Flight sach No. = 3.0
Fuel-Air Ratlo = ,0333 1b fusl per 1b air
{50 7% stoichiometric)

’10 = ,85 "’s = -95,
a

SOLUTION:

[+]

h - 1.68 Btu prer 1b air
¥r, .94
1. Fronm

” 2“ Co 074; Vl = Sco = 2922 ft per sec
gure 23
!

i To

2. From '.l‘z

393°R

1085°R
Figure 24:

3. Fron ’/D =
Figure 2B:

4, Select & Vz for initlal calculation = 400 ft per sec

2 2 .79 2
(v,* - V,©) + h, = 55°105 [\2922)

- (2002 - 1,68 = 130.4

From Reference 1l:
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Pra = 20.83

Pr T,V
_ProToVidy 94 x 1085 x 2922
6. Vo = P_-Ta'_rz o A EROTENE = ar49

7. Re-caloulating h,p = 55-’*7:3-5 [(2522)2 - (570)2] - 1,68 =

= 130.9

From Reference 1, 1'r2 =

v, = 294 x 1085 x 2922

2 = 320.70 x 593 = 371,9 ft per sec

8. From Figure 3 or calculate

F. RT, v
5 L .
W__Tz-g""g

a

Letting n =1,

T
¥ = 170 - %!%: 164.2

a
Figure 3D: S = 137

10. g 3, = «95 x 137 = 130.15
a

1. gi) =
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12. From Figure 5 ¢\u5) = 1.05 for Nap = 88 %

78,8, 81 )
13. ct=‘za—‘l[—sa—$;5—g-1] -%;12—11_5

fod 30.15 05)32.
T [L_%.%é_)_& A 1] o N

1.4(3)

ct = .85 for ‘1 = :l_a and 1:30 fuel-alr ratio
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Calc tion II

PROELEM: To find Ct for the following conditions:
Altitude = 20,000 £t
Flight kach No. = 4.0
vz
Fuel-Air Ratlo = .0665 lbs fuel per 1lb air

{100 % stolchiometric)

= 200 ft per sec

85 %0)g = 95 7o)
a

SOLUTION:
= 11.24 Btu per lb air
= 1,474
1037.5; Vl = 4c° = 4150.0 ft per sec
= 446,8°R

1790°R

=In (v %) +n, = 53-:-}%5 (4150% - 200%)

T

+ 11.24 = 251.3 Btu per 1lb
5. From Reference 1, (or Figure 2)

¥r, = 92.23 (oorresponds to hyp = 251.3)

2 =
2, 92,23 200 446,8
%‘ T, Ty V& T.474 4150 1750 — *79%

o
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7. ¥rom Figure 3

F
wa= 484
a
gL
Flame holder loss, (n = 2) =38 " 6.4 = 6,51 thus

¥ .
’.7§'= 484 - 6.2l = 477.79
a

8. From Figure 34
Sa = 17705

% Fy =8, gl W, pog) = 47578 = 2,692

10. From Figure 5, taking “5 = 1.3

fiMg) = 1.21 for Nap = 80 %o (low mccording to !
Figure 54)
- o = (sa¢(n5)g 1) 2.15
. t _— eeee—— —v— - -
4 1 Azml
- irs) | ALE S LR BT L 5] - et
[ 4150 1.4(4)2

[ct = .014
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Sarmple Calculation 1IIX

PROBLEL: To calculate ct for the following conditions:
Altitude = Sea Level
Flight Mach No, = 2,0
V2 = 350 £t per seo

Fuel-Alir Ratio = .0605 (Lean) 191 % stoichiometrioc)
1b fuel per 1b air

7lc .85 (),sa = ,95)

SO0LUTION:
h = 28,56 Btu per 1lb air

Figure 2 1

/
2.49
1l. Frop
l = 1117.50; V., = zco = 2235 ft per sec

c
T 519,0°R
T

2. From 920°R

Figure 24
3. From  7)p = .85 7%
Figure 2B

4 -l— - V.2) + b=z (22352 - 350%) +
. hop = 3g7 2 o = 50,103
+ 28,56 = 111.22 Btu per 1b air

From Reference 1:

6.

7. From Figure 3 or calculate
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T,

'1=$;&=§§&‘55§—i&9-=140.a

{for two velocity heads, loss at flame holders
1
n=2 (—223—))

8. From Figure 3B sa = 160, which is larger then 1‘5, thus
fliz) <1; as this is impossible
elther reduce Sa or deorease V2

and re-ocaloulate.
9. Reduce Sa to 140; i.e., make mixture more lean -
F,
10, ftg) =2 =1 gag) =1
a a

_ 2y [ss0ile ] aa
S [T 1] 1510

= 2(.525) [——535—-'-&1“'2 FeoRel _ 1] - 517

714
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Appendix I
Valldity of method presented in UlM.l (see Reference 6) for

special cases.

This portion of the report is the result of an in-
vestigation which had ae i1ts objective the presentation of
evidence that the method preeented in Reference 6 accounts
for the particular condition of flow where a &ach number of
one exists at the combustion chamber exit and that no solution
could be obtained if a higher kach number would be required
at this station. During the cours of thie investigation it
was found that the method of solution given in Reference 6
gave two solutions at low flight velocitles for the velocity
at the end of the combustion chamber, one being supersonic )
and of no practical eignificance, while only one solution
could be obtained at higher flight velocities. This was
somewhat unexpected and warranted further investigation even
though the supereonic solution was only of academic interest.
The work that followed led to the develoyment of the method
of calculation given in the main body of this report and the
explanation given there regarding the presence of two so-
lutions for the flow conditions at the end of the combustion
chamber 1s believed adequate. The following conslete of a
detalled description of the method of solution as given in

Reference 6 and some representattve graphical evidence which

shows that the method ie valid for the instances where sonic

veloclty exiets at the combustion chumber exit and that the

e L T A

LIS "

e LT




Report No. UMM-7|  DEPARTMERN Of KGhuERiNG RisEANCH Page 41

method would give no solution i1f velocities greater than
sonic were required.

Figures I and IA show the results of a series of cal-
culations to determine the exit conditions from a oylindri-
cal combustion chamber for various inlet air velocities tVz).
See Figure A for the locatlion of various sections referred
to as station 2, 3, etc. The method is by triel and error;
1,0., a valus 1s assumwd for VS' and by satisfying the energy,
force-momentum and state equations, trial wvalues of kg, P
and '.l‘:5 are determined. Then, satisfying the continuity of
mass flow equation determines 1f the proper Va was 1nitially
chosen., TFigure L 1s a plot of the trlal solutions for var-
ious combustion chamber inlet velocltles at a flight iach
number of 1.75 at 40,000 feet with a fuel-air ratio of .0665.
This dlagram plots the initially assumed veloclity at station

5 against the final velocity determined by the continuity

equation, after having satisfied the energy, force-momentum,
and state equations. Lt follows that the assumed Vs which
glves a calculated Va of the same magnitude is the correct
solution for the flow at the conditions of the problem.
Thus the curves of Figure I and IA show the calculated Vs
plotted agailnst the assumed V:5 for various values of com-
bustion chember inlet velocity (Vz). The straight line in
both figures having a slope of 1 1s necessarily the locus
of ell solutions for Vs; 1.e., the assumed velocity equals
the oslculated velocity. Therefore, the intersections of
each curve with the straight line are Va solutions for the
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particular conditiong Tepressntad by the curve,

« point worth noting is the small difference in the value
of Vé Necessary to give two widely spaced solutions, or no
solution. For instance, in Flgure 1 the vs solutiong for g
Vé Oor 2uU5 £t per gec are 2305 £t per sec and 3105 r¢ per sec
while for a Vé > 207 no solution is obtaineq. Thus the methoq
under discussion ¢en be employed with & high degree of a accu-
Tacy to obtain the v& that produces choking, byt only arfter
consliderable calculation ang work 1nv01v1ng the Thermodynamie
Charts, {Reference 2,

in the instance where no solution appeared (Vé = 208 1t

e e e e

fuel-air ratio) was

g

S w.nu——..-n‘u---wwm.-uamt"m

A
. /
R
j
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Appendix il
Probable Magnitude of the Ailr Velooity at the Entrance to
the Combustion Chamber.

1t is of intereast to note from Figure 3 that at those
values ot 'L'z corresponding to high mach numbers (5,6) the
upper limits of the combustion chamber entrance velocity,
vz, established by the fundemental equations governing flow
in a duct are of the order 700-1000 ft per sec for a maxi-
mum 8a {approximately stoichiometric fuel-uir ratio). 4s
the fuel-air mixture is made more lean, reducing 8., the
maximum Vz increases even more. nowever, the applications
of a particular ram-jet design that would use these ex-
cessively high velooities are bellieved very limited, for
following reasons:

At low usiach numbers, say those less than 2.8 to0 3.0,
the maximum ct is obtained by using maximum sa with the
corresponding maxinum Vz such that sonic velocity exists
at the combustion chsmber exit; i.e., no nozzle required
open tall exhaust. At higher sach numbers the ran-jet
configuration corresponding to maximunm ct (4‘-1 = Az) serves
to limit Va. ~igure 6 shows how this maximum Vz varies

with wach number at verious fuel-elr ratios, and also how

it varies for A.l = Az.
At low kach numbers the ratio of the diffuser inlet

area to the combustion chember area, ‘1/‘2’ would neces-

sarily be less than unity, and as the lach number inoreases
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at a constant altitude, for example, the diffuser inlet, 31,

would be nade larger, thus inoreasing V,, keeping F3 equal

to Sa, and therefore, Vé ecual to local eonic velocity, until
‘1 squals ‘2' un Figure 6 this would mean moving elong the
S. L. ~ .0665 fuel-air ratio curve to its intereection with
the S. L. curve of "Vz for 11 = Az". At this point the best
ct poesible for that particular altitude of flight and fuel-

air ratlo will be attained tsee rigure 7). As the ranm-jet
accelerates further to higher .ach numvers, Al should be
kept egual to ‘2 and a teil nozzle should be used, whoee
area ratio varies ae required by Aoy if ‘1 is made greater
than Az, the Ct (referred to the maximum frontal area) will
decreaee, because this will cauee an increaee 1in V2 end, as
was establiened in deference 6, the thrust per 1o of air de-
creases witn an increase in V,. 1t also follows that if Sa
is reduced at conetant flight conditions (by reducing fuel-
air ratic) the diffuser inlet area A1 enould be opened up
increaeing Vz. Thus, \3 is “ept equel to the local sonic
vesocity until 11 equals Az, at which point further reduction

in Sa would necessitate a nozzie. Fflgure 6 shows that for

the .Ub65 fuet-air ratio, which would be used to obtain the

greatest ct, the maximun V2 is approximately 43C ft per sec

tintersection of S. L, .u665 ourve with 3. L. iy = ay curve).

i1t also cun be seen that the-diffuser efficlency afiecte
tnis peax, caus.ii{, an increaee in tne maxinum vz for a lees
efficient diffuser.

Rough calcuiations seem to indicate thut tne mexinur

epecific iupulse, Ig, occurs at a fuel-alr ratio of ap: roxi-

P sl Cht S e o e et
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mately .U4; for this reason, the curve corresponding to
a fuel-alr reatio of .u4 was &1s0 sketched on rigure 6, and
the maximum Vz for this curve appears to be 4wy ft per sec.

Thus, the maxamum Vz that would ever te considered in

designs-where eitner maxismni ct or maximum specific impulse,

lg, (reduced Sa) were the primary objectives would be some-
thing less than 500 ft per sec, unless theses assumed dif-
fuser efficiencies prove to be too optimistic,
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